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CHAZEREE (1976) 38, 489-502)
WEABRHEAROZBRBICE T DM HEE 28

OB F W (NHKEOLRSE )

Inhibitory mechanisms within the receptive fields of X- and Y-type
retinal ganglion cells of the cat Hide-aki SAITO (NHK Broadcasiing Science
Research Laboratories, Setagaya-ku, Tokyo)

Two-stages of the inhibitory mechanisms were assumed within the on-center receptive
field (RF) of the cat’s retinal ganglion cell on the basis of the following two experi-
ments : 1) Effect of background intensity upon the magnitude of the response to the
RF-centered spot of stimulus, and 2) the time course of the inhibitory effect when the
additional spot of light is presented in the same RF center region. The first stage is an
inhibitory feed-back from the horizontal cell to the photoreceptor. Both X- and Y-fields
have this feed-back route. By this gain control mechanism, the ganglion cell will
respond to the intensity ratio of the spot to the background. The second stage of inhibi-
tory mechanism in X-field is the feed-back from sustained amacrine cell to the bipolar
cell. Above two stages of feed-back mechanism in X-field explain the strong maintained
suppressive effect produced by the additional spot of light. On the other hand, the Y-
type ganglion cell will receive the inhibitory input via feed-forward path from transient
amacrine cell. This explains the transient on- and of f-suppressive effects.

(J. Physiol. Soc. Japan (1976) 38, 489-502)

key words : retinal ganglion cell, X/Y classification, inhibition, neuronal network.
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Table 1. Photic stimuli
Experiment Dimension (deg) | Color Imax (cd/mz) Duration/Period (sec) Light source
A 1/4d white 1.7%10° 25 / 50 glow modulabor tube (Sylvenia, R1131C)
5 . 3 . :
- 75: 1/12 s 3,9%10% 0.1/6 or 0.2/12 o et b
L% B 25 1/123 white 6,8><109 5 10 glow modulator tube
¢ 1/'4 blue 2.2><1OO 0.1 / 2 glow modulator tube / Wratiten filter #473
d red 3.0X10 ‘ glow modulator tube / Wratten Tilter #29
§ A 8y white 1.7%10° glow modulator tubes (Sylvania, R1151C)
o
’g'p B 34WX3211 white 5,9><1()O steadily illuminated fluorescend tubes (Toshiba, FIR AOS".‘.’,/I'S)
A
(&3
E] white 1.0% lO},, tungsten lamp (Puji, Projection 500W)
¢ 55 ><36h blue 2.0%10 7 tungsten lamp / Wratten filter #478
" red 6.1X107 tungaten lemp / Wratten filter #29
d: diemeter
w: width
h: hight

Expériment A: The dinhibitory effect of background light upon the ganglion cell response to the spot stimulus

centered at the receptive field,

Experiment B: "Two-spol" experiment designed to study the inhibitory interaction between two spots of light,
test spot (TS) and conditioning spot CS), presented at the separate positions within the same,

receptive field center region.

Zxperiment C: Cone-rod conbribution to the excitation of X~ and Y-type rebinal ganglion cells.
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Fig. 1. A, B : Normalized stimulus-response

curves (S-R curves) for the transient part of the
responses of Xon-cell and that of Yon-cell, re-
spectively. C: Normalized S-R curves for the
sustained part of the responses of the same cell
as in A. S-R curves were obtained under three
background luminance conditions of 1.7 x 10° cd/
m? n=—2 (+), —1 (O) and 0 (@). Abscissa ;
spot intensity in log cd/m? Ordinate ; relative
response magnitude (R) calculated by the follow-
ing equation.
R =(F (T)~10)/(f (T)max—10)

where T (T) is the mean discharge rate during
the observation time T, F(T)max the maximum
of ¥(T), and 1, the background discharge rate.
In A and B, T is the initial 500 msec after the
stimulus onset. In C, T is 10sec from 10 to 20
sec after the stimulus onset. The I(T)max/1s are
approximately 220/10, 200/15 and 60/10 impulses
/sec in A, B and C, respectively.
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Fig. 2. Effect of stimulus intensity upon the length and the variability of the inter-
spike intervals of discharges appeared at the late part of the stimulating period. Calcula-
tions of the mean interval (MI) and the coefficient of variation (CV) were made for the
discharges appeared during 2sec from 20 to 22 sec after the onset of the stimulus spot
which was presented for 25sec. Number beside each point shows a value of log (spot
luminance/background luminance). Background luminance was 1.7 cd/m?. In Y-cell (filled
circles, two examples shown by different lines), both MI and CV show no correlation with
stimulus intensity and are scattered at random taking larger values than those of X-
cell. The mean values of these MIs and CVs do not differ from those calculated for the
spontaneous firing of the cell. While in X-cell (open circles, two examples), MI and CV
are the function of the stimulus intensity. Note the monotonic decrease of CV with
increasing stimulus intensity.
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Fig. 3.

A : The arrangement of a test spot (TS) and a conditioning spot (CS) within

the receptive field center (RFC) of a retinal ganglion cell. B~G : Measurement of the
response magnitudes of the conditioned test response (CTR) and the unconditioned test
response (UTR). B:Response to the combined stimuli of CS and TS: Time delay between
the onset of CS and that of TS is given by . C: Response to CS only. D: The net
response obtained by subtracting C from B. E: Response to TS only. F: Spontaneous
firing level of the cell. G : The mnet response obtained by subtracting F from E. The
magnitude of CTR and that of UTR is defined as a positive part of each nef response

shown in D and G, respectively.
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Fig. 4.

“Two-spot” experiment on a Xon-cell. TS is presented for 200 msec (short bar

under histograms) with various delays from the onset of CS (3sec in duration, long
bar). The delay  is given on the right side of each PST-histogram. In the left column, ¢
is shorter than 3 sec, therefore TS is given during CS presentation. In the right column, =
is longer than 3sec, i.e, TS is given after the cessation of CS. The right bottom histo-
gram indicates the response to TS only. Responses were avera ged over 20stimulus cycles.
Bin width ; 20 msec. Vertical calibration ; 100 impulses/sec.
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2.9

Fig. 5. “Two-spot” experiment on a You-
cell. TS (100 msec in duration, short bar) is
given two times in one stimulus cycle with
the equal delay from oun and off of CS (3 sec
in duration, long bar). The delay is systemati-
cally longered as indicated on the right side
of each histogram. The bottom histogram
indicates response to TS only. Other explana-
tions as in Fig. 4.
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Fig. 6. Time courses of the decrease of the test-

response magnitude when TS is presented concomi-
tantly with CS. The ratio of the response magni-
tudes between CTR and UTR is plotted against the
time delay r between the onset of CS and that of
TS. Note the differences between X- and Y-cells
(both, on-center type): strong maintained suppres-
sion during CS presentation in X, while transient
on and off suppressions with weak maintained

suppression in Y. CS duration ; 3 sec.

Hx @Rt 5 s 0K & & £10~20E D
Wy 3R LHgicst T 2 i e 2 7 7 4 b
Tk, FIEESRO OIBEOEHA vt v 2
WEBETRE L. 20 S-R H#RT, Kok
Bt s KISER YR X0 FRiE % »
KEVZ Ehb, X YR b TgeiR
BRBEDANEEL BT TBZ LBbRD.
E7, & EEBAREXHNEO GRY A
S-R i o HEIAT D A ENT, FERLET
TOFONLCHT S SR RcEECED
ha o kb, ME-FISERICARS b Ak
DR, HERAE/FERED 62 T BEFOH



FE R FTAIE OO A2 A M1 35V M R 497

>
0~ o, 0—-\

° Xon

* You

——s

DN

C
05 I Red/Blue
ol ! !
-2 -1 0 1
-0.5 i~ g 1

. i\} o X-cell
\
L 1 1 | ¢ 1 | 7 * Y-cell
-2 - 0 1 -2 - 0 ! -201F
Fig. 7. A, B ; Change of sensitivities to blue (A) and red (B) spots as a function of

the background luminance in a Xon-cell (open circles) and a Yon-cell (filled circles).
Abscissa ; background luminance in log cd/m? Ordinate ; log relative sensitivity. Blue-
and red-sensitivities are normalized for energy. C : Change of red/blue sensitivity ratio
as a function of the background luminance in X-cells (open circles, 9 cells) and in Y-
cells (filled circles, 4 cells). Abscissa;same as in A and B. Ordinate ; red/blue sensitivity

ratio in log unit.
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S-R relations for blue spot in the presence of red background light (inter-

stitial lines) and that for red spot in the presence of blue background light (solid lines).
Abscissa ; log relative spot intensity normalized for energy. Ordinate ; response magnitude
(discharge rate averaged over 100 msec after the stimulus onset, impulses/sec). Intensities
of blue and red background light are equalized for scotopic luminance.
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Fig. 9. Schematic illustration of hypothesized inhibitory neuronal mechanisms, which
are composed of two-stages, within X- and Y-type receptive fields of retinal ganglion
cells. Time course of the inhibitory effect produced by CS presentation at each stage is
given on the right side of the network. The first stage is the inhibitory feed-back from
the horizontal cell (H) to the photoreceptor (R). This feed-back connection will subsurve
as a gain control mechanism in both X- and Y-fields. In response to CS, this mechanism
produces maintained inhibitory effect on the TS-response. At the second stage, the in-
hibitory feed-back mechanism from sustained amacrine cell (SA) to the bipolar cell (B)
reduces the gain of excitatory transmission from the bipolar to the ganglion cell in X~
field, while in Y-field, transient amacrine cell (TA) inhibits the ganglion cell directly at
on and of f of CS. Different time courses of the inhibitions between X- and Y-fields will
be explained as the result of two-stage inhibitions at the outer- and the inner-plexi-
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form layers.
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Effects of ATP on the membrane currents and tension
components of bullfrog atrial muscle

Masayosi GOTO, Atsuko YATANI and Yasuo TSUDA *

Department of Physiology, Faculty of Medicine, K yushu University,

Fukuoka 812, Japan

In mammalian myocardium, a close rela-
tionship between the level of glycolysis
and transmembrane electrical activity has
been clarified” and the duration of action
potential was elucidated to relate with the
amount of ATP derived mainly from gly-
colytic process™. Effects of externally
applied adenosine compounds,
have not been consistent in results. Adenine
nucleotides such as ATP, ADP and AMP
depressed the contractility of rat, rabbit,
cat and guinea-pig isolated atria®®w), pro-
ducing a marked shortening of action
potential. Whereas, in frog ventricle a
dramatic recovery of contractile force and
prolongation of action potential was obser-
ved after addition of ATP in Ca-deficient
condition®, and even an induction of slow
action potential (plateau potential) was
noted in partially depolarized guinea-pig
heart,

These discrepant results may suggest an
existence of dual sites of the actions of
ATP which might vary differently depend-
ing on conditions or animal species. No
detail study, however, has been done on
the membrane currents and tension com-
ponents of myocardium. Therefore, we
attempted to analyse the effects of ATP on
the excitation-contraction coupling system
in frog heart, in which the coupling pro-
cesses and membrane currents have been
well clarified®®19, Thin muscle bundles
(0.4~0.6 mm in diameter) isolated from the
right atrium were used, and the membrane
current, potential and contractile tension
were recorded under voltage clamped and
unclamped conditions with conventional
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however,

double-gap method®. All experiments were
performed at a low temperature between
16~18°C.

ATP in low concentrations (0.05~0.2
mM/1) produced an immediate increase of
the overshoot and duration of the action
potential and an augmentation of twitch
contraction enhancing the rate of rise and
fall of tension. Higher concentrations of
ATP (0.2~1.0mMy/1), however, elicited a
gradual inhibition of contractility after the
initial inotropic effect, reducing the enhan-
ced overshoot and duration of the action
potential. All these effects were reversible,
and could not be eliminated by propanolol
(10-° M), pindrol (10~7M) or atropine (1077 M).

Under voltage-clamped conditions also, a
marked positive inotropic effect of ATP
was observed (Fig. 1 A), although a longer
applications or higher concentrations of
ATP elicited similar late inhibitions. The
inotropic effects observed under a constant
clamp pulse indicate that ATP definitely
affects the excitation-contraction coupling
process of the myocardium. Examination of
the relationships between the voltage-
clamp pulse, membrane current and tension
in the absence or presence of TTX (5 x
1077 g/ml) revealed that ATP produced a
marked enhancement of slow inward cur-
rent (I,) and Ca current (Ic.)-dependent
tension and an inhibition of Ic,-independent
tonic tension (Fig. 1 B). The delayed outward
current (I,) tended to increase with time.
The increase of I, was prominent at lower
voltages and that of Iy, at higher voltages
(Fig. 2 A). The fast inward current (Ina),
anomalous rectification (Ix;) and leaky cur-
rent (I;) did not show any appreciable
change. These characteristics could account
for the specific change in configuration of
action potential after ATP. Further, voltage-
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Fig. 1. A) Effects of ATP (0.05mM) on the tension (t), and membrane current (i) of
bullfrog atrial muscle under voltage clamp (v). Ico-dependent responses to small short
depolarizing pulses (75 mV, 0.2 sec) were recorded in the presence of TTX (5 x1077g/
ml). Note an augmentation of the tension and slow inward current, and a good rever-
sibility after washing. B) Effects of ATP (0.1 mM) on Ic.-dependent and independent
tensions in response to small (70 mV, 0.15 sec) and large pulses (150 mV, 1.0 sec) respecti-
vely. a : control. b : 5min after ATP. Again, Ic.-dependent tension increased. Note also
an inhibition of tonic terminal tension which represents Ic.-independent tension. Hold-
ing potentials were —70 mV (resting potential level), and TTX (5 %1077 g/ml) was pre-
sent throughout. Vertical calibrations are 0.05 g, 10 #A and 100 mV in A and 20 ¢A, 50
mV and 0.02 g in B. Horizontal calibrations in A are 1.0 min and 1.0sec for slow and
fast records respectively, and in B, 1.0 sec.

current relationships in Na-free or Ca-free
(+EDTA 5 x107°mM, TTX 5 x1077g/ml)
Ringer solution showed that Ic, markedly
increased while slow Na inward current
(Ina;) rather decreased (the figure is not
shown). Correspondingly in the voltage-
tension relationships, ATP selectively en-
hanced Ic,~dependent phasic tension, while

Ic.~independent tonic tension was inhibited
(Fig. 2 B).

From these results it was concluded that
ATP induces at least two sites of action,
first an enhancement of Ic, and Ic.~depen-
dent phasic tension, and secondary an
inhibition of Ic,-independent tomnic tension
and a gradual increase of I,,.
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A) Voltage-current relationships before () and 10 min after (@) ATP applica-

tion (0.05 mM) under constant presence of TTX (5 x 107 g/ml). Note an increase of slow
inward and delayed outward currents. B) Voltage-tension relationships. Long depolariz-
ing pulses of 3.0 sec are used, and peak (A, A)and terminal tensions ([], ) before and
7min after ATP (0.2mM) are plotted. A marked augmentation of peak tension at low
voltages an inhibition of terminal tension at higher voltages are seen. The former is
related mainly to Ic.-dependent phasic tension, and the latter, to Ic.~independent tonic

tension.

The origins of these actions are uncertain
at present. The only facts apparent are that
the modes of actions are quite similar to
those of adrenaline. Adrenaline is known
to cause a positive inotropic effect by
enhancing I¢,19), which is thought to act
via 3/, 5, cyclic AMP®), An increase of I,
component!® and an inhibition of tonic ten-
sionlD) are also known to occur. Moreover
as noted, ATP derived from glycolysis is
closely related to the generation of the
plateau potential®9, These facts, when con-
sidered together, strongly suggest that in
the frog atrium ATP attaches or penetrates
the membrane more easily at low tem-
peratures, and contributes either directly to
the enhancement of I, and Ic,-dependent
tension, or indirectly to increase cyclic
AMP, so that adrenaline-like actions are

produced. Anyhow, the rapid action of
exogenously applied ATP and the complete
recovery after washing strongly support a
physiological action of ATP on the cell
membrane.
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Energy requirements of men during exercise in a hot
environment and a comfortable environment

Seiki HORI, Junzo TSUNTA and Hisato YOSHIMURA *

Department of Physiology, Hyogo College of M edicine, Nishinomiya,

Japan

Effect of different ambient temperatures
on oxygen intake and energy requirement
during exercise and recovery has been
extensively investigated. Robinson®, Con-
solazioD and coworkers reported that energy
metabolism during work in heat was
increased. However, Malhotra® reported
that oxygen consumption duting muscular
activity was significantly lower in hot
environment than in comfortable environ-
ment and the anaerobic fraction of the
work increased with the increase in environ-
mental temperature. In an attempt to
elucidate the cause of this discrepancy,
effects of different ambient temperature on
physiological responses and energy require-
ment during exercise and recovery were
studied.

Studies were made on 13 healthy male
Japanese university students in Nishino-
miya between the age of 21 and 27 in
winter. Physiological reactions and oxygen
intake of the subjects during exercise and
recovery were measured at two different
levels of room temperature 23-+1°C with
50+59 R.H. and 30+1°C with 5045 9, R.
H. and wind velocity of about 17 cm/sec.
Experiments were carried out at around 3
p.m. and subjects were instructed not to
eat a meal and be at rest at least two hr.
prior to the experiment. After lying down
for 30 min. in an air conditioned room, the
subject, wearing only a pair of shorts in
30°C, shorts and an undershirts in 23°C,
rested for 10min. on a Monark bicycle
ergometer and then peddaled at the con-
stant work load of 600 kgem/min. in time
with a metronome at the cycling rate of

PR OERD, HHEMZE, FHEA  REERK
A
(Received for publication June 9, 19763

S0rpm for 20min. Following exercise,
subjects remained seated for 20 min. Dur-
ing rest, exercise and recovery period,
expired gas were collected through a gas
mask. Ventilatory volume, respiratory rate
and heart rate were also measured during
these periods.

Oxygen requirement was calculated by
subtracting oxygen intake at rest measured
before the exercise and calculated as the
value corresponding for 40 min. from total
oxygen intake during exercise and recovery.
The oxygen intake during 20 min. of reco-
very period in excess of that required to
maintain the resting state was regarded as
oxygen debt. The ratio of oxygen debt to
oxygen requirement was defined as an
anaerobic fraction of oxygen requirement.
Net efficiency was calculated in considera-
tion of factors involved in friction.

The mean values of heart rate and
respiratory rate during exercise and reco-
very were greater in 30°C than in 23°C.
Changes in respiratory volume and oxygen
intake with time in both conditions are
represented in Table 1. Respiratory volumes
during exercise and recovery period were
larger in 30°C than in 23°C though these
differences were statistically not significant.
Oxygen intakes increased abruptly at first
from initial level of 0.26~0.29 L/min. to
about 1.6~1.7 L/min. 10 min. after exercise
and then remained almost at a constant
level. After cessation of exercise oxygen
intakes decreased sharply during early
recovery period and followed by more
gradual decline to pre-exercise level. Oxy-
gen intake throughout the experiment in
30°C were considerably larger than those
in 23°C. Oxygen intake during period from
15 min. to 20 min. after exercise and that
during late recovery period were signifi-
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Table 1.

exercise and recovery period of 20 min. in- 23°C, 50%

Changes in respiratory: minute volume and oxygen intake during-20 min.

/ R.H. and 30C, 50% R.H.

condition Time :m Rest‘_ixjg e ’Times’ in the exercise p. (m,i.n.’)’ Re:cove‘ry p. (min.)
period period 0-5 5-10 10-15 15~20 0-5 5-20
23 °C . RV © 8:2:2,0. | 28.625.1 |37.3t8.6 . | 39.6:8.9 | 39.918.6 17.5¢3.7 | 10.5#3.2
50 § R.H. 0.1 ©0.26£0.03 | 1.24:0.13[1.55:0.16 | 1.590.19 | 1.580.18 0.52:0,13| 0.28:0.04
30 °C RV 8,2t1.4 29.9:5.4 [39,0¢7,5 | 39.746.7 {41.33%£6.9 18.0£3.3 | 10.622.2
50 % R.H. 0.1 10.29£0.04 | 1.35:0.13|1.6320.17 | 1.70¢1.16 1.77:0.18 | - 0.60¢1.0 0.38%0.06
Mean values in liter per min, are given with their standard deviations.
R.V : Respiratory volure.
0. : Oxygen intake, - . :
* Difference was significant at 2 % level.
w* at 0.1 % level.
Table 2. = Oxygen intake, oxygen requirement, oxygen debt, anaerobic fraction, energy
requii'ement and net efficiency -
Cmdlm VT.vo"zy VO,E. | VO,R. k o,Fe. 0,D. AnLF. : E.R. N.E.
. (L/40 min) | (L/20 min) | (L/20 min) (L) (L) %) (Cal) (%)
© 23 % 36.20 29.33 6.2 | 24.62 2.19 9.2, | 1215 25.6
s0's R 43,10 2,85 | £1.07 £2,78 | *0.68 £3,7 £14,2 £3,1
30 °c’ 39,59%% 31.49% 8.09%* | 29.45%ex | 2.02% 9.8% 18,1865 | 21, 48x%
50'% RH. t4.74 355 | se2 | 225 | 50.58 e | oam3 e

Mean values are given with their standard deviations..

:T VO2
(L/ZO mln) ’ VO R 02

ORe O requlxemant(L),OD

2
fractlm (%} ’ E R.

* DJ.ffexence was ;—ugnlflcant at 5 % level,.

**% at 0, 1 % le“al. -

cantly larger in 30°C than in 23°C.

The mean values of ‘total oxygen intake
during exercise; oxygen requirement,: 0xy-
gen ‘debt, anaerobic fraction of :oxygen
requirement, energy ‘réquirement ‘and net
efficiency in 30°C were compared with those -
in: 23°C in Table 2. The mean values of
total -oxygen intake and oxygen intake -
during recovery in 30°C were significantly
larger than those in 23°C at 19 level. The
mean - values of - oxygen . intake during
exercise, oxygen debt and anaerobic frac- -
tion. of oxygen requirement in-30°C were -
significantly - larger than corresponding -
values in 23°C at 59, level. The mean
values of oxygen requirement and energy

Total O ;mtake (L/40 mm) . VD E,

O debt (L),AnF

Enengy quuz.m“ent (cal), N E.

02 intake during exercise

mtake during recovery period (L/20 min) ,

Anaeroblc
: Net efficiency (%).

** at 1% level,

requirement in 30°C were larger than those
in.23°C, and mean value of net efficiency in
30°C was lesser than that in 23°C. These.
differences were stat1st1ca11y 31gn1ﬁcant at:
0.19 level. , :

When muscular exercise is done in hot
environment, heat produced in the body ~
tends to ‘store more .rapidly in the body.
and increase in blood flow through the skin
is brought about. Higher heart rates in
30°C than in 23°C might be resulted from.
the increased requirement of the cutaneous -
circulation for heat dissipation in 30°C.
Increased ventilatory volume and respira-
tory rate in hot environment might. be
induced in part by higher body temperature



and in part by the increased oxygen intake
in hot environment. The increased oxygen
intake in 30°C probably reflects the increased
energy requirement for heat dissipation as
indicated increased ventilatory volume,
higher heart rate and more profuse sweat-
ing as well as an increased metabolism due
to higher body temperature®.

According to Malhotra®), the oxygen con-
sumption and energy cost of a fixed work
dropped with rise in environmental tem-
perature. Robinson et al.® reported that
men accustomed to hard work in hot
environment were more efficient in per-
forming a walking in hot environment than
men- who were less acclimatized to heat.
India, located in tropical zone, has hot and
humid climate through the year. Thus the
subjects observed by Malhotra®, were
expected to be fully acclimatized to heat
and the decrease in the energy cost of a
fixed work with rise in énvironment tem-
perature reported by Malhotra might be
due to the extreme heat acclimatization of
the subjects. Net efficiency is inversely
proportional to energy requirements if
work done remains the same. Therefore,
lesser net efficiency in 30°C reflects the
increase in energy requirements in 30°C.

There was not significant increase in oxy-
gen intake during early recovery period in
30°C, while oxygen intake during late
recovery period was significantly larger in
30°C than in 23°C. This fact indicates chief
cause of larger oxygen debt and larger
anaerobic fraction in 30°C was increase in
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the slow component of oxygen debt i.e.
lactic phase®. In hot environment, a large
blood flow through the skin is maintained
during exercise and blood flow through the
working muscle might show a trend to be
smaller. Thus marked increase in oxygen
intake during late state of recovery in hot
environment might reflect the increased
production of lactic acid in working muscle
as the results of an insufficient blood supply
to the working muscle.

In conclusion, energy requirement for
submaximal work used in the present
experiment was significantly higher in 30°C
than in 23°C.
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